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The accuracy of any calculation is usually dependent 
upon the quality of the input data. The National Bureau 
of Standards is the largest source of reliable data on 
the properties of materials and on bibliographic infor- 
mation at cryotemperatures . Precision measurements 
of the properties of oxygen over a wide range of tem- 
perature and pressure are complete. The primary 
remaining effort, which is in progress, is the repre- 
sentation of these data in the most usable format such 
as tables, equations, diagrams, and computer programs. 

In addition, safety data are essential to proper design, 
operation, and failure analysis. All of the available 
information on oxygen safety is being reviewed, evalu- 
ated and indexed for quick retrieval through the NASA 
Aerospace Safety Research and Data Institute program. 

This paper discusses the availability of data, where the 
major gaps in data occur, and retrieval of bibliographic 
information. 

A prime function of the NBS- Cryogenic Division is to supply data for 
low temperature design and analysis. Table 1 shows the Functional 
Activities of the division and is intended to illustrate some of the 
resources available to the cryogenic engineer. The Cryogenics 
Division is the largest source of data on the properties of materials 
and bibliographic information at cryotemperatures. The Division is 
also the source of information on other areas of cryogenics such as 
safety, metrology, and process equipment. The primary objective of 
this paper, in relation to the Apollo program is to; a) summarize the 
sources of available data, b) discuss deficiencies in available data, 
c) review ongoing programs to alleviate these deficiencies, and d) dis- 
cuss requirements for future space applications. 
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TABLE 1. Functional Activities of the NBS- Cryogenics Division 


Cryogenic Data Center 

Documentation 

Compilation and Critical Evaluation 

Cryogenic Properties of Solids 

Electrical Properties 
Thermal Properties 

Mechanical/ Metallurgical Properties 

Properties of Cryogenic Fluids 

Pure Fluids 
Mixtures 

Cryogenic Systems 

Systems Evaluation 
Consultation- 
Slush Cryogens 

Metrology 

Flo-wmetering 

Pressure/ Temperature/Density/ State 

Fluid Transport Processes 

Heat Transfer 
Infrared Properties 

Cryoelectronics 
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Data for Anztlysis and Design 


A complete review of the information service provided by the Cryogenic 
Data Center for the field of cryogenics has recently been published by 
Olien. ^ A thorough and continuous search of current published liter- 
ature is conducted. We review over 300 journals cover-to-cover , 
search other abstracting services, patents, conference proceedings, 
and report literature. Dissemination is made each week through the 
Current Awareness Service as illustrated in Figure 1. In addition, 
two specialized bibliographies are published quarterly. The Super- 
conducting Devices and Materials Quarterly and the Liquefied Natural 
Gas Quarterly. Documents from these lists are then selected for 
entry into the information retrieval system. Punched cards in 
machine-readable form containing title, author, byline, reference, 
abstract reference, and indexing terms are prepared for each of the 
selected documents. Over 7500 new documents are added each year 
and our total file contains over 70,000 documents. 

The availability of these data on magnetic tape permits rapid access 
to a vast amount of information. For example. Table 2 shows a list 
of bibliographies prepared for NASA and NASA contractors immedi- 
ately after the Apollo 1 3 incident. Selected datafrom these references 
were scanned by the NBS staff and transmitted over the telephone. 

The entire bibliography was then forwarded, usually within hours after 
being requested. The rapid availability of these data saved many labo- 
rious manhours in conducting literature searches for creditable data 
and tended to assure the investigators that all pertinent sources of 
data had been utilized. 

Thermophysical Properties of Oxygen 

Data on the thermodynamic and transport properties of oxygen have 
been measured by NBS over a wide range of temperature and pres- 
sure.^ These measurements were made at the request of NASA- 
OART.® Available tables, charts, graphs, and computer programs 
were supplied in copious quantities to assist in the Apollo investigation. 
The diverse nature of subsequent calculations (as illustrated by today' s 
program) reemphasized the fact that the data, although available , were 
not always in the most usable format. In response to this need, NBS 
has undertaken a program for NASA-MSC to compile the thermophysi- 
cal data in a format which is more readily usable by the design engi- 
neer.'*' The first of these documents is in final form for editorial 
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TABLE 2. Prepared Bibliographies Related 
to the Apollo 13 Incident 


Compatibility of Oxygen with Various Materials and Contamination, 
Hazards and Seifety with Liquid Oxygen 

Handling and Safety with Liquid Oxygen 

Liquid Oxygen Storage, Transfer, Loading, etc. , Procedures and 
Equipment 

Flow, Temperature' and Pressure Measurement of Liquid and Super- 
critical Oxygen 

Heat Transfer to Supercritical Oxygen at Zero Gravity 

Properties of Thermal Ins\ilation for Use at Cryogenic Temperatures 

Critical Properties of Oxygen 

Thermal Conductivity and Specific Heat of Inconel 
Thermodynamic Diagrams of Oxygen 
Thermodynamic Properties of Oxygen 
Thermodynamic and Transport Properties of Teflon 
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review and printing. R. D. McCarty and L. A. Weber^ have com- 
piled and critically evaluated the "Thermophysical Properties of 
Oxygen from the Freezing Liquid Line to 600 R for Pressures to 
5000 psia. " The tables include, entropy, enthalphy, internal energy, 
density, volume, speed of sound, specific heat, thermal conductivity, 
viscosity, (bP/bV),p, (bP/bT)p, V(bH/bV)p, V(bP/bU)y, -V(bP/bV)p, 
l/V(bV/bT)p, thermal diffusivity, Prandtl number and the dielectric 
constant for 79 isobars. In addition to the isobaric tables, tables for 
the saturated vapor and liquid are given which include all of the above 
properties, plus the surface tension. Tables for the pressure- 
temperature relationship of the freezing liquid and the derived Joule - 
Thomson inversion curve are also presented. The specific heat at 
constant saturation and the index of refraction are given in graphical 
form. Figures 2 and 3 show a representative table of data and a tem- 
perature entropy chart. 

Thermodynamic Property Diagrams 

Thermodynamic and phase diagrams permit the properties of a fluid 
to be visualized in a familiar frame of reference. They are often 
used for preliminary design and occasionally for final design, even 
though greater accuracy can be obtained from tables, computer rou- 
tines or greatly enlarged charts. Diagrams are also useful in the 
analysis of malfunctions because they provide rapid access to prop- 
erty values without the difficulty of two-dimensional interpolation. 
Table 3 outlines the types of charts in most common use. Each chart 
has its adherents and, in general, each serves a slightly different 
purpose. Preparation of all of these charts for a given fluid would be 
very expensive. To be complete, all eight charts (in three, four and 
five variables) in SI, British, and modified units would require at 
least 30 different diagrams. In order to cover all ranges of tempera- 
ture and pressure to adequate accuracy, some diagrams must be pre- 
pared in sections. Selected diagrams are currently in preparation by 
McCarty and Weber. 
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TABLE 3. Thermodynamic Diagrams 



3 variable charts 

4 variable charts 

5 variable charts 

Variables 

P, V or p, T 

P, V or p, T, Z 

P, V or p, T, 
H or U. S 

Coordinate axes 

P vs T 

Z vs log P 

H vs S 

(the other vari- 
ables are shown 

P vs V or p 


T vs S 

as constant prop- 

p vs T 


P or log P vs H 

erty lines) 



P or log P vs U 


Computer Programs for Thermophysical Properties of Oxygen 

Several approaches to the development of computer programs for 
thermophysical properties of oxygen have been taken. The equation 
of state approach is very useful because it allows the direct calcula- 
tion of the thermodynamic properties from an easily programmable 
mathematical function. The equation of state for oxygen developed by 
Stewart® has been used extensively, and although it does not give the 
best representation of existing experimental data, the accuracy is 
sufficient for naany purposes. However, it is necessary to proceed 
with caution since equations of state often give erroneous results in 
the critical region and should not be used for extrapolation beyond the 
limits of experimental data. 

Another method of computerizing thermodynamic properties is the so- 
called "Tab Code" method, which allows rapid calculations by inter- 
polations of tables stored in the computer. This method was used for 
hydrogen,"^ but to this authors' knowledge no such program is avail- 
able for oxygen. The primary problem with this method is interpola- 
tion error. If accurate calculations are required, the size of the 
tables to be stored in the computer becomes prohibitively large. 

A third method of computerizing thermodynamic properties is by 
programming a series of independently derived mathematical func- 
tions (multifunction) such as isochores or isotherms or both. These 
functions are then joined together in the computer program by various 
means. Although this approach gives the most accurate results, it 
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usually produces a program which allows very little, if any, versatil- 
ity and the program is relatively slow on the computer. Because it is 
the most accurate way to present data, we have prepared the oxygen 
data in this manner for NASA-MSC under our present contract. The 
problem of determining which calculational approach is best has no 
single answer but depends upon the individual user's requirements. 

The following table can be used as a guide. In addition, the National 
Bureau of Standards is constantly striving to fulfill the needs of the 
scientific and engineering community for computerized property data. 


Type of 
Program 

Speed 

Versatility 

Accuracy 

Equation of State 

medium 

best 

medium 

Tab Code 

best 

very little 

medium 

Multifunction 

slow 

none 

best 


Radiation Properties of Oxygen 

Measurement of the spectral transmission of infrared radiation in 
oxygen has been reported by several experimenters. These data are 
being compiled, critically evaluated and used to calculate total hemi- 
spherical radiation properties necessary for heat transfer calcula- 
tions . 


Safety of Oxygen 

An extensive program is underway to provide data for the safe han- 
dling of cryogenic fluid oxygen. Under the sponsorship of NASA 
Aerospace Safety Research and Data Institute (ASRDI) information on 
oxygen is being synthesized for quick retrieval through the NASA 
automated data processing system. The technical objectives of the 
program are to: 

(1) develop a thesaurus (dictionary) for information retrieval of 
safety related information. 
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(2) conduct an exhaustive literature search and acquire the docu- 
ments , 

(3) index and abstract these documents using the thesaurus, 

(4) enter these documents into the NASA data bank for retrieval, 
and 

(5) prepare a summary report on the properties of oxygen, giving 
"best values" for design. 

An exhaustive search by our laboratory of both formal and informal 
sources of information is about 90 percent complete and has yielded 
over 3500 documents. Over half of these articles concern properties 
data and at least 400 are being evaluated in detail for the preparation 
of "best values. " 

The indexing thesaurus has been developed by the NBS and ASRDI 
staff and used to code a large number of cryogenic fluid safety papers. 
Coding is performed by members of the NBS senior staff which per- 
mits a critical evaluation by specialists in a particular field. The 
final input contains an abstract, major subject(s), minor subject(s), 
and links. The links are sequences of key words which permit re- 
trieval (and sorting) of papers by a combination or words rather than 
single isolated words, i. e. , a link is a set of indexing terms con- 
nected together to represent a detailed subject discussed in the report 
or paper. 


Summary 

Many of the thermophysical properties of oxygen below 5000 psi are 
extremely well known (relative to other fluids) and the development of 
"best values" along with tables, charts and computer programs should 
suffice for nearly all requirements. Future demands will require 
additional specialized data, data near the critical point, and most 
importantly, data above 5000 psi. The most severe and immediate 
problem to be solved is the criteria for compatibility as a function of 
temperature, pressure, density, etc. , and the development of corre- 
lations between test procedures and service failure. 
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The Cryogenics Division is engaged in a program for NASA-MSC to 
compile the thermophysical properties of H 2 > He, and N 2 in a format 
similar to the oxygen properties work of McCarty and Weber men- 
tioned above. Gaps in the data and uncertainties will, in many cases, 
limit the accuracy of calculations which can be made using these 
fluids. Details of these uncertainties will be given in the individual 
reports, but two potential problems should be outlined to this group. 
First, there exists a complete lack of data on helium in certain 
regions of the thermodynamic diagram, and in other regions, major 
discrepencies exist which can only be resolved by additional measure- 
ments. Secondly, no data on hydrogen exist at low temperatures 
above 5000 psi. This lack of data could be a severe problem for the 
shuttle engine design and, in collaboration with NASA-OART, we are 
plsinning on; (1) extrapolating existing data and estimating the uncer- 
tainties, and (2) evaluating the need for new measurements. 


The author wishes to gratefully acknowledge the assistance of Dudley 
B. Chelton and Robert D. McCarty in the preparation of this manu- 
script. 
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Figure 1. Three Subscription Services 
of the Cryogenic Data Center 
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Figure 2a. Thermodynamic Properties of Oxygen 
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Figure 2b. Thermodynamic Properties of Oxygen 
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